Hydrothermal synthesis proves to be a feasible route to fabricate hydroxyapatite nanoparticles. The study reports the combinational effects of temperature and various counterions, such as SO 4
Introduction
Hydroxyapatite materials have been intensely investigated for decades as major biomaterials due to their biocompatibility and bioactivity. 1) They have been used extensively for biomedical implant and bone regeneration applications, 2) and have potential uses as novel gene carriers 3) and for drug delivery. 4) Most of hydroxyapatite powders are conventionally synthesized via solidstate reactions by heat-treating such reactant mixtures as Ca(OH) 2 and Ca(H 2 PO 4 ) 2 ·H 2 O, which usually results in crystallized and agglomerated products with large grain sizes. These powders exhibit poor sintering characteristics when used to produce hydroxyapatite ceramics, and poor stability and mechanical properties of polymer-hydroxyapatite composite biomaterials when used as bioactive fillers. 5) In contrast, hydroxyapatite nanopowders show excellent sintering characteristics in manufacturing bioceramics, 6) and could produce even stronger polymer nanocomposite materials when added to polymers as nanofiller. 7) For these applications, it is important for the nanoparticles to be monodispersed. Among several wet chemical processes for synthesizing well-dispersed nano-hydroxyapatite powders, hydrothermal synthesis proves to be one of the most feasible routes.
8) The richness of the hydroxyapitate chemistry also allows to form, via hydrothermal processing, numerous apatites with different chemical compositions, i.e., monetite, 9) F-subsitituted hydroxyapatite, 10) magnesium-hydroxyapatite, 11) calcium-stronium-hydroxyapatite, 12) and cadium-hydroxyapatite. 13) Moreover, a few chemical compounds, chosen as modifiers, have been used in hydrothermal processing, which lead to the formation of apitates with various morphologies, such as nanorods, 8) whiskers, 14) platelets, 15) and powders. 16) Studies 17)21) show that the addition of organic surfactants, such as anionic starburst dendrimers and cetyltrimethylammonium bromide (CTAB), results in rod-like hydroxyapatite nanoparticles. In the present study, the influence of various counterions, such as SO 4
2¹
, Cl ¹ , and K + , on the composition and morphology of nano-hydroxyapitates is investigated. The aim is to synthesize hydroxyapatite nanoparticles without the addition of expensive and environmental unfriendly organic surfactants. The process described will be beneficial to industrial production, and contribute to ever increasing need to eliminate contamination to both biological body and environment and to lower production costs.
Experimental
The initial hydroxyapatite precipitates were prepared by chemical precipitation from aqueous solutions of the reactants, and subsequently nano-sized hydroxyapatite particles were synthesized via a hydrothermal treatment to these precipitates at 150 and 180°C respectively. A 0.5 M calcium chloride aqueous solution was prepared with deionised water, then 0.3 M phosphoric acid solution was added drop-wise while stirring, to give a clear solution with a molar ratio of Ca to P of 1.67 at a pH about 5. White precipitates were formed when the pH value of the solution was adjusted to 9 by adding a concentrated NH 4 OH (³35%) solution under vigorous stirring. The white suspension was further stirred for two hours and the pH value was kept constant at 9 during this period. Then the white precipitates were collected by centrifuging, rinsed five times with deionised water to remove chlorine ions.
The precipitates were dispersed in the different solutions with various inorganic counterions to study their effect on the formation of hydroxyapitate nanoparticles. The solutions used were 0.1 M (NH 4 ) 2 SO 4 , 0.1 M NH 4 Cl, and 0.1 M KCl solutions respectively, with the pH value being kept at 9 by using a concentrated NH 4 OH (³35%) solution. The weight ratio of the dried precipitates to 0.1 M solutions was 1:10. The suspensions were hydrothermally treated at 150 and 180°C in sealed, Teflon lined stainless steel containers for 4 h. For comparison, the white precipitates were also hydrothermally treated in NH 4 OH solution with a pH of 9 for 4 h. The resulting products were recovered by centrifuging, washed in deionised water and dried under air in an oven at 80°C.
The phase structure and crystallinity of the various nanoparticles were examined by powder X-ray diffraction (XRD) using a Bruker AXS, D8 Advance Diffractometer with a monochromatic Cu K¡ radiation source. The operation voltage and current were 30 kV and 20 mA, respectively. The structure and composition of the nanoparticles were further investigated using Fourier Transform Infrared Spectroscopy (FTIR, Unicam Ltd., UK). The morphology of nanoparticles was observed using transmission electron microscopy (TEM, JEM 100CX, Jeol, Japan).
Results
The effect of different counterions, such as K + , Cl ¹ , and SO 4
2¹
, on the properties of the resulting hydroxyapatite nanoparticles is investigated by FTIR, XRD, and TEM respectively. The FTIR patterns for the specimens treated in 0.1 M (NH 4 ) 2 SO 4 , 0.1 M NH 4 Cl, and 0.1 M KCl solutions (Fig. 1) are similar to each other and in agreement with that of standard hydroxyapatite powders, indicating that the ions introduced in the study do not remain in the structure of the final products, thus cause no possible averse effects in biological applications. The crystalinity of the resulting nanoparticles in 0.1 M (NH 4 ) 2 SO 4 , 0.1 M NH 4 Cl, and 0.1 M KCl solutions is examined by XRD (Fig. 2) , and the samples all give the XRD pattern of the standard hydroxyapatite powder. However, the intensity ratio of XRD line to the line with the highest intensity, i.e., 211 line, is slightly different. For instance, intensity ratio of 002 line is larger than that of 300 line in Fig. 2(a) , while 002 line is smaller than 300 line in Fig. 2(c) . The results suggest that the introduced counterions do not affect the structure of the final products, but may moderate their morphology since intensity of XRD line is usually sensitive to the morphology of the particles. According to Viswanath and Ravishankar's study, 22) the prism plane of hydroxyapatite nanoaprtciels is assigned to (100), consequently the basal plane being (001). The fact that intensity ratio of 002 line to 211 line is smaller than that of 300 line to 211 line in Fig. 2(c) , in contrast to that in Fig. 2(a) , indicates that the basal plane (002) of the resulting nanoparticles treated with KCl solution is less developed than that of the nanoparticles treated with NH 4 Cl solution.
The TEM micrograph ( Fig. 3(a) ) of the sample hydrothermally treated in NH 4 Cl solution at 150°C shows the formation of monodispersed nanoparticles with a rod-like shape and the particle size increases when the temperature is raised to 180°C (Fig. 3(b) ). For comparison, the morphology of the sample hydrothermally treated at 150°C in NH 4 OH solution, without the addition of NH 4 Cl, is observed by TEM. The result (Fig. 4) exhibits that the resulting particles have a mostly needle-like shape with some platelets existing, and the longitudinal size of these particles varies substantially. Comparing Fig. 3(a) with Fig. 4 , the nanoparticles synthesized in NH 4 Cl solution are of more uniform size and less agglomeration, which provides solid evidence for Cl ¹ ions playing an important role in controlling the nanoparticle morphology.
When the sample was hydrothermally treated in (NH 4 ) 2 SO 4 solution at 150°C, the morphology of the product appears to be mostly agglomerated nano-platelets, as shown by the arrows in Fig. 5(a) . The description of platelets is used since the contrast of the image is even within a single particle. Comparing with the previous studies, 17)21) in which the hydroxyapatite nanoparticles usually possess a rod-like shape, the difference in morphology is quite significant. Interestingly the influence of SO 4 2¹ ions is suppressed as the temperature rises from 150 to 180°C. At 180°C, the rod-like nanoparticles with a relatively uniform size distribution are produced (Fig. 5(b) ), suggesting that temperature has a primary influence. The effect of K + ions on the morphology of the products at pH 9 is also substantial, as shown in Fig. 6 . TEM micrograph (Fig. 6(a) ) exhibits that the agglomerated nanoparticles are generally short with blurred edges, suggesting a poor crystallization. Comparison of Figs. 6(a) and 3(a) indicates that K + ions apparently hinder the growth of nanocrystals, especially in the longitudinal direction of the rod-like nanoparticles. The results also suggest that the effect of K + is dominant since effect of Cl ¹ ions is suppressed due to the introduction of K + ions in KCl solution. Comparing these results with those for the samples with the addition of NH 4 Cl (Fig. 5) , NH 4 + ionic groups may also play some role in the synthesis of hydroxyapatite, but the effect is weaker than that produced by K + ions. The hindering effect of K + ions is weakened when increasing the temperature from 150 to 180°C (Figs. 6(a) and 6(b) ), suggesting that the temperature is indeed a primary factor in the formation of hydroxyapatite nanoparticles.
Discussion
According to Cahn, 23) the growth of crystals can be in two ways, depending on the driving force available for growth. One is a layer-by-layer growth by moving the growth interface laterally, and the needed driving force is low under this situation. The other is a continuous growth with the interface moving normal to itself when the driving force is high. The growth of hydroxyapatite particles under hydrothermal conditions is known to result from precipitate dissolution, nucleation and crystal growth from supersaturated solution. Therefore, the driving force of growth is closely related to the degree of supersaturation and temperature. The higher temperature causes higher supersaturation, leading to a higher driving force. As shown in Figs. 3(b) , 5(b), and 6(b), the morphologies of hydroxyapatite nanoparticles formed at 180°C are all rod-like, regardless of treated in different counterion solutions, suggesting that the growth of nanoparticles is in a continuous way along longitudinal direction due to higher driving force. On the other hand, when the temperature decreases from 180 to 150°C, the driving force decreases and some hydroxyapatite nanoparticles grow laterally, as shown in Fig. 4 . Furthermore, the counterions play a relatively important role in modifying the growth interface move by taking advantage of lower driving force. The previous researches suggest that the basal plane of hydroxyapatite is rich in OH ¹ species and negatively charged while the prism plane of hydroxyapatite is rich in Ca 2+ and positively charged. 22) The effect of different counterions on the nanoparticles morphology may be due to the charge attraction between counterions and the hydroxyapatite interface species. For example, the formation nano-platelets through the introduction of SO 4 2¹ ions may be involved in the strong interaction between Ca 2+ and SO 4 2¹ ions since CaSO 4 forms precipitate and its solubility is only slightly lower than that of hydroxyapatite. Therefore, the SO 4 2¹ ions may be attracted to Ca 2+ ions on the prism plane, which can interfere with PO 4
3¹
ions to attach with Ca 2+ ions, and consequently hindering the crystal growth along the prism plane and resulting in nanoplatelets. In contrast, Cl ¹ ions may not play a similar role to SO 4 2¹ ions since the interaction between Cl ¹ and Ca 2+ ions is weak. However, the existence of Cl ¹ ions is beneficial to the crystal growth with a rod-like shape, as shown in Fig. 3(a) , though the mechanism for the effect of Cl ¹ ions is not clear. Considering the dissolution of precipitates is related to the polarity of aqueous solution and the general tendency of aqueous polarity decrease under hydrothermal conditions, one explanation could be that Cl ¹ ions act as electrolyte and strengthen the polarity of aqueous solution in hydrothermal processes, consequently raising the solubility of precipitates.
The XRD (Fig. 2) and TEM ( Fig. 6(a) ) results indicate that K + ions in KCl solution have a retarding effect on the basal plane growth of the nanoparticles, which may be attributed to the attraction between K + ions and hydroxyl and PO 4 3¹ groups on Journal of the Ceramic Society of Japan 118 [12] groups on the interface of hydroxyapatite nuclei, their size may be too large to form effective shielding from Ca 2+ on the crystal surface, consequently the effect of NH 4 + ionic groups being relatively weak.
These results indicate that the counterions can modify the morphology of hydroxyapatite nanoparticles as the organic surfactants do with the advantages of costing-saving and no contamination.
Conclusions
The monodispersed hydroxyapatite nanoparticles have been hydrothermally synthesized. The results show that temperature, a main driving force for crystal growth in hydrothermal process, is one of the key factors to prepare rod-like hydroxyapatite nanoparticles because higher temperature leads to a continuous growth with the interface moving normal to itself. At lower temperature the counterions, such as K + , SO 4
2¹
, and Cl ¹ ions, have significant influence on the morphology of the resultant nanoparticles. The use of SO 4 2¹ ions leads to nano-platelets possibly due to the strong interaction between Ca 2+ and SO 4 2¹ ions, while K + ions hinder the nanocrystal growth due to the interaction between K + and OH ¹ or PO 4 3¹ ions. Cl ¹ ions can help to form nano-rods possibly due to the increase of solution polarity. The study demonstrates that the hydroxyapatite nanoparticles with the modified shape can be prepared by using the combination effects of temperature and counterions, which are simple, inexpensive and eco-friendly.
